Effects of variation of fundamental
constants from Big Bang to
atomic clocks
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The possibility for the fundamental constants
to vary is suggested by theories unifying grav-
ity with other interactions.

Fine structure constant o = e2/%e,
e -electron charge, ¢ -speed of light.
Quark mass mgq/Strong interaction scale Agcp.

The search goes in:

(1) Quasar absorption spectra (QAS)
(2) Big Bang Nucleosynthesis (BBN)
(3) Oklo natural nuclear reactor

(4) Atomic clocks
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4.2 Astrophysical constraints: =
Quasars - probing the universe back to much earlier times
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Results:
1998-2003, Keck telescope, Hawaii, red shift 0.2 < z < 4.3,
143 absorption systems, 23 transitions,
3 independent samples:
% — (—0.543 £0.116) - 1075
Statistical significance 4.7 g from zero
2004, YLI-UVES, Chile !dlfferent hemlsphere red shift
04<2<238
full sample, 74 systems %% = (—0.020 + 0.092) - 107°
clean sample, 52 systems = ; da _ (— O 004 £ 0.098) - 107°
Strianand et al sample, 23 systems = (—0.06140.126)-10°
VLT: |5°‘| < 0.10 Zero!
Too large scatter, more realistic preliminary result
= (— 005:1:029) 1079

O!
Other groups results from VLT-UVES:
Strianand, Chand, Petitjean, Aracil (2004), 23 systems, 12
transitions, 04 < z < 2.3:
%a — (—0.06 + 0.06) - 105
Quast, Reimer, Levshakov (2004): 1 system, Fe II only, 6
transitions, z = 1.15:

0 — (—0.04 £0.19 % 0.274y5) - 1075

(04

Difference between Keck and VLT data:
Undiscovered systematic effect?
Spatial variation of a.?
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Measurements of me/mp ~ me/Agop

‘Tsanavaris,Webb,Murphy,Flambaum,Curran
Phys.Rev.Lett. 2005
hyperfi H/optical
Mg,Ca,Mn,Ti,C,Si,Zn,Cr,Fe,Ni
8 quasar absorption systems, 0.24 < z < 2.04
Measured X = a2gpme/myp
5—X-_(1 17 +£1.01)10°5

2X = (-1.43 £ 1.27)10715 /year
No variation.

Combined with measurements of a-variation
Olme/mp) _ (2,31 + 1.03)10-5

6((me//mp )) i

Me/Mp -5

9 (1.29£1.01)10

Recent result based on H>, measurements

Reinhold,Bunning,Hollenstein,Ivanchik, Petitjean
Ubach 2005.
Olme/mp) _ (_ 4 +0.6)10-5

(me/mp) -
_Variation 4!

!
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Big Bang Nucleosy\/nthesus
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(Dmitriev, Flambaum, Webb

p+n—-d+v9, 3sec<t <6 min

Productions of D, %He, 7"Li
are exponentially sensitive to | 7Ty
deuteron binding energy E,

- 7 from cosmic microwave background
fluctuations () - barion to photon ratio).

- 1 from BBN for present value of Q (Q = |Ey4|)



This also leads to agreement
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Flambaum, Shuryak: Deuteron Binding Energy is very sensitive to variation
of strange quark mass (4 factors of enhancement):

1. Deuteron is a shallow bound level.

Virtual level in n+p — d+7 is even more sensitive
to the variation of the potential.

2. Strong compensation between o-meson and w-meson exchange in
potential (Walecka model): 4nrV = —g2e ™" 4 g2~ ™"

3. 0 = =(uu+dd + s5), m, ~3m, “2Agep

a|~

4. Repulsion of o from KK threshold

KE 2mK

o m

—_— o

Total 224~ —178ms nd 551‘9//?55;):(+1.1ﬂ:0.3)><10‘3
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Comparing atomic clocks one can study:

Atomic

2

optical/optical o

optical/hyperfine a?, meq/NocD

hyperfine/hyperfine . e
Molecular hyperfine/rotational " "

hyperfine/A-doubling " &

rotational /optical " "

Experiment 1da10-15 /year)
Marion et al 2003 %%% (0.05 + 1.3)@

" +

Bize et al 2003 Hgs((h‘;;’)t) (—0.03 + 1.2)@
Fisher et al 2004 %ﬁ;’% (-1.1 +2.3)@
Peik et al 2004 Y—g%%tl (=0.2 + 2.0)
Bize et al 2004 223 (0.1 + 1)@

¢ assuming mgq/A = Const.

Combined results:

dlna __

T2 =

dIn(mq/Nocp)
ot

(—0.9+£2.9) x 10~ 15yr-1
= (=4 4+ 10) x 10~ 15yr-1
( )
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There is a possibility of 1010 times enhance-
ment due to “degenerate” energy levels of dif-
ferent nature! Example: Dy atom.

1. 4f105d6s, E; =19797.96... cm~1

2. 4f95d26s, E, = 19797.96... cm—1

Interval w=E> — E; ~ 1074 cm~1 ~ 10-9E;.

E, I q=6000 cm’! 2
q=-23000 cmi!
w=wp + (q1 — qz)QQg =
8
=10"% cm~! 4+ 60000 cm—li—a
Aw Aw

_w_(l year)ap ~ —“(1010 years)astro

Preliminary result: UC Berkely - Zos Alawcos
|8'”O‘| < 4.3 x 10~ 15yr-1
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CONCLUSIONS

BBN/CMB data may be interpreted as varia-
tion of mq//\QCD.

MM method provided sensitivity increase ~100

times. Many lines, positive and negative shifters
- control of systematics.

Keck data- 3 independent optical samples, 143

systems- variation of «a.

VLT data- no variation.

Undiscovered systematics or spatial variation?

me/mp: 21 ¢cm H/optical- no variation;
H, (Paris-Amsterdam-Peterburg)-variation!

Oklo data: variation of mq/Agcp !'?

- Atomic clocks are very sensitive to present
time variation of a and mq/Agcp. Transition
between close levels - a billion times enhance-
ment.
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Probing the variability of a with QSO absorption lines

To find dependence of atomic transition frequencies on a we have
performed calculations of atomic transition frequencies for different

values of a.

1. Zero Approximation — Relativistic Hartree-Fock method:
energies, wave functions, Green’s functions

2. Many-body perturbation theory to calculate effective
Hamiltonian for valence electrons including self-energy
operator and screening; perturbation ——— V= H-Hyy

> (r,r’,E) .

E‘lvomf (:0 re + & S

electrons &

from core
3. Diagonalization of the effective Hamiltonian

Test: Energy levels in Mg Il to 0.2% accuracy

Michael Murphy, UNSW
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TABLE II: Experimental energies and calculated g coefficients

for transitions from the ground state to the state shown.

Atom/Ion Z State Wavelength, A q (cm™") Reference
Experiment
AlIl 13 3s3p PR 2674.30 146
3s3p R 2669.95 211
3s3p p, 2661.15 343
3s3p  'P 1670.79 278
Cal 20 d4sdp 3Py 6597.22 125
4s4p 3P, 6574.60 180
4s4p 3P, 6529.15 294
dsdp 'R 4227.92 250
SrI 38 b5ssp °Ry 6984.45 443
5s6p  *Py 6894.48 642
5s5p 3P, 6712.06 1084
5s5p P 4608.62 924
SrII 38 4d 2Dy,  6870.07 2828
4d  *Dsj;  6740.25 3172
InIl 49 5s5p 3P, 2365.46 3787
5s5p P 2306.86 4860
5s5p P 2182.12 7767
5s5p P 1586.45 6467
Ball 5 5d 2Dj,  20644.74 5844
5d  *Ds;; 1762170 5976
Dyl 66 4f°5d6s *[10]:0  5051.03 6008
4f95d%s °Kio 5051.03 -23708
YbI 70 6s6p PR 5784.21 2714
6s6p P 5558.02 3527
6s6p 2P, 5073.47 5883
6s6p. P 3989.11 4951
YbIL 70 4f“5d 2Dy 4355.25 10118
4f'%5d *Ds;p  4109.70 10397
4f'°65% Iy,  4668.81 -56737
YbIII 70 4f%sd 3R 2208.63 -27800
Hgl 80 6s6p P, 2656.39 15299
6s6p *P 2537.28 17584
6s6p P, 2270.51 24908
6s6p 'p 1849.50 22789
HgIl 80 5d°%s* %Ds;,  2815.79 -56671
5d°6s®> *Dy;,  1978.16 -44003
TIII 81 6s6p °*P 2022.20 16267
6s6p P 1872.90 18845
6s6p  *Py 1620.09 33268
6s6p 1P 1322.75 20418
Rall 88 6d 2D,  8275.15 18785
6d  2Ds;y  7276.37 17941
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Atomic Clocks and Constraints on Variations of Fundamental Constants/ 2003

Table 99.1. Relative sensitivity of the hyperfine relativistic factors to the variation of o (parameter k) and nuclear
magnetic moments on the variation of the quark mass/strong interaction scale mq/Agcp (parameter §) for atoms
involved in microwave standards.

Z Atom & 15

1 '  0.00 -0.100
1 2H 0.00 -0.063
37 %"Rb 0.34 -0.074
48 11Cd*t 06 -0.117
55 133Cs 0.83 0.127
70 YYRt 15 0117
80 ¥9Hg* 2.3 -0.117

Using parameters « and beta we can present dependence of
the microwave standards on the fundamental constants:

Onf 0V
o ot 259)
m m
V =cR,,  -— - a*t". Sy 09.6
gt () 906

In comparison of two microwave standards the factors cR,
and m./m, are cancelled out. However, in comparison of
optical and microwave standards the factor m./m, survives.
Its dependence on the fundamental constants is the following

Bln = = §ln[—e— . (- )-004s) (99.7)

My Agep Agep

We may assume that the electron mass and all quark masses
have the same relative variation . This assumption seems to be
natural if the Higgs mechanism of mass generation is correct.




Some special “tuning” of fundamental constants is neeeded

for humans to exist.

Example: low-energy resonance in carbon production

reaction in stars:
‘He+*He+*He=12C

Different coupling constants — no low-energy resonance —»

no carbon — no life.

Variation of coupling constants in space could provide a nat-
ural explanation of “fine tuning”: we appeared in area of the
Universe where values of fundamental constants are consitent

with our existence.
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Potential systematic effects:

©NWVavelength calibration errors

© Labqratory wavelength erref's

© Heliocentric velocity variation

© Temperature changés during observations
©Line blending ><_

© Differentiakisotopic'saturation

© Hyperfifie structure effésts

© Ingtrumental profile variatior

... and of course, Magnetic fields

@ Isotopic ratio evolution

10 July 2003 Michael Murphy, 10A, U. Cambridge = MGM10, 2003, Rio
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C. L. Steinhardt, Phys. Rev. D, 71, 043509
(2005):
It might be spatial variation!

Srianand et al use data from Southern Hemi-
sphere only

A
(=)south = (—0.06 + 0.06) x 10~5
Q

Murphy et al use both:

Ao

(—)south = (—0.36 £ 0.19) x 10~°
(&

A
(=) North = (—0.66 £ 0.12) x 1075
84
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Many-Multiplet Method

Relativistic correction to electron energy Ey:

En 2 1 .
Ap=—Za - C(Z,7,1 C ~ 0.6
n - ( ) i+ 1/2 ( )
1. Increases with nuclear charge Z.
2. Changes sign for higher angular momem-

tum j.
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Probing the variability of a with QSO absorption lines

Procedure:

1. Compare heavy (Z~30) and light (Z<10) atoms, OR
2. Compares —»p and d —» p transitions in heavy atoms.

Shifts can be of opposite sign.

Basic formula: o !
E z = E z=10 o q : s l
| o,

A

E._, is the laboratory frequency. 2" term is non-zero only if a has changed. q is
derived from atomic calculations. tisd - -

Relativistic shift of the q=0Q+K(L.S)
central line in the multiplet 4 K 1s the spin-orbit splitting
Numerical examples: (units = cm-1) "\ parameter. e

Fell

Z=26 (s —» p) Fell 2383A: 0, = 38458.987(2) + 1449x | _
Z=12 (s —» p) Mgll 2796A: o, = 35669.298(2) + 120x
7=24 (d—p) Crll 2066A: o, = 48398.666(2) - 1267x

wavenumber

x = (o, /0)? - 1 Mgll “anchor”




Variation in the fine structure constant?: Recent results and the future

Radio constraints:
» Hydrogen hyperfine transition at A,; = 21cm.

» Molecular rotational transitions CO, HCO+*, HCN,
HNC, CN, CS ...

» oyloy < 02gp Where gp is the proton magnetic g-
factor.

e = Jr (%o)

Michael Murphy, UNSW University of Canterbury, New Zealand, 17/08/01
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